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ABSTRACT 
A  combined morphometric and biochemical approach has been used to identify 
and quantitate microtubules and tubulin in isolated hepatocytes. The total soluble 
pool  of microtubule  protein  was  estimated  by specific  high  affinity binding  to 
radiolabeled colchicine. Scatchard analysis of the data identified two populations 
of  binding  sites:  high  affinity-low  capacity  sites  resembling  tubulin  and  low 
affinity-high capacity  sites  believed  to  represent  nonspecific colchicine-binding 
sites.  Data from these studies indicate that tubulin represents  1% of the soluble 
protein of the cell, that 9.0  ￿  10 -14 dimers of tubulin are present per microgram 
soluble hepatocyte protein, and that the average hepatocyte contains 3.1  x  10' 
tubulin dimers.  Our calculations suggest that this amount of tubulin would form 
a  microtubule  1.9  cm  in  length  if  totally  assembled.  However,  stereological 
measurements  indicate  that  the  actual  length  of microtubules  in  the  cytosolic 
compartment of the average hepatocyte is only 0.28 cm. Thus, these experiments 
suggest that only 15%  of the  available  tubulin  in  hepatocytes of postabsorptive 
rats is assembled in the form of microtubules. 
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Microtubule  protein  exists in cells in both assem- 
bled  (microtubules)  and an  unassembled  subunit 
form  (tubulin).  Evidence  exists  which  indicates 
that  these  two forms of protein  are  functionally 
related,  and  it  has  been  suggested  that  microtu- 
bules  exist in cells in  a state  of dynamic equilib- 
rium  with  the  cellular  pool  of  soluble  tubulin 
(13). The possibility that the equilibrium  between 
microtubule  protein  compartments  could  be 
shifted toward microtubules or tubulin (depending 
on the functional  needs of the cell) has particular 
appeal  when  one considers  possible  mechanisms 
by which microtubules  may participate  in rapidly 
changing secretory  events (14, 17, 18, 24, 41). It 
has  been  of  interest,  therefore,  to  assess the 
proportion of assembled  to unassembled  microtu- 
bule  protein  in  various  secretory  systems.  Re- 
cently,  two such reports were  published  in which 
the relative  proportion of assembled  to unassem- 
bled microtubule  protein  was estimated  in mouse 
pancreatic  islets (25)  and liver (22).  With some- 
what  similar approaches, these  studies  used glyc- 
erol  as  a  microtubule-stabilizing  agent,  and  as- 
sessed  the  proportion  of  the  "total  colchicine 
binding  protein"  present  in  assembled  microtu- 
bules.  The results of these  studies  indicate  that a 
rather  large  proportion  (35-40%)  of  the  total 
colchicine binding protein  of islet or liver tissue is 
assembled  into  microtubules  under  normal  (un- 
stimulated)  conditions.  However,  the  methods 
THE JOURNAL OF CELL BIot~a6v ￿9  VOLUME 75, 1977 ￿9  pages 731-742  731 used  to  provide these  estimates do not take  into 
account  several  important  considerations.  The 
first  has  to  do  with  the  fact  that  tissues  from 
pancreatic islets or liver are structurally complex, 
being  made  up  of  several  functionally  different 
cell types (12,  21), and it is not at all certain that 
the  ratio  of assembled  to  unassembled  microtu- 
bule protein  in  the whole tissue  reflects the ratio 
present  in the particular cells of interest.  In addi- 
tion,  the  colchicine binding  protein  estimated  in 
these  studies  was  not  specifically  identified  as 
microtubule  protein,  an  issue  of  some  conse- 
quence  as  will  be  seen  in  the  present  report. 
Finally, the  approach  that  has  been  used  cannot 
provide  a  quantitative  estimate  of  the  total 
amount  of microtubule  protein  present  in  a  cell. 
Obviously,  in  order  to  evaluate  the  functional 
behavior of microtubule protein  in various physi- 
ological situations,  it  is  advantageous  to  be  able 
to  quantify  the  total  size,  as  well as  the  relative 
size of the two forms of microtubule protein. 
The  present  study  was undertaken  in  an effort 
to  obtain  information  on  the  content  of the  two 
forms  of  microtubule  protein  in  a  specific  cell 
type.  We  have  atempted  to  do  this  by  using  a 
combined  morphometric  and  biochemical  ap- 
proach  to  identify  and  quantitate  microtubules 
and  tubulin  in  isolated  rat  hepatocytes.  Hepato- 
cytes  were  selected  for  study  because  they  nor- 
mally  secrete  large  quantities  of  albumin  and 
soluble  lipoproteins  each  day,  because  colchicine 
and  other  antimicrotubule  agents  have  been 
shown  to  interfere  with  the  secretion  of  both 
these  products  from  liver (18,  28,  30,  32),  and 
because  hepatocytes  can  be  successfully  isolated 
from other cells of the liver (4,  7, 8, 38),  permit- 
ting tubulin  and microtubule content to be specif- 
ically  estimated  in  the  parenchymal  cell  of  this 
tissue.  Using  the  isolated  hepatocytes,  we  have 
quantified  the  total  number  of  tubulin  dimers 
(total soluble pool of microtubule protein) present 
per hepatocyte on the basis of specific high affinity 
binding to radiolabeled colchicine and have deter- 
mined  the  microtubule  content  per cell by  ultra- 
structural  stereological techniques.  We have then 
used the information  provided by these  measure- 
ments to estimate both the percent of the soluble 
protein  of the cell which  is tubulin  and  the ratio 
of assembled to unassembled microtubule protein. 
MATERIALS  AND  METHODS 
Animals 
Male  Sprague-Dawley  rats,  weighing  250  -  20  g, 
were  used  for  all  experiments.  The  animals  were fed 
standard  rat chow and maintained on a  12-h light/dark 
(6 A.M./6 P.M.) cycle. All studies  were begun between 9 
and  10 A.M. 
Preparation of Isolated Hepatocytes 
Rats were anesthetized by intraperitoneal injection of 
pentobarbital  (50  mg/kg).  Hepatocytes  were obtained 
by in situ perfusion of livers with collagenase (50 mg/ 
100  ml)  in  modified  Swim's  $77  medium  (pH  7.4, 
37~  95% 02/5% CO2) as described by Edwards (8). 
After  perfusion,  the  liver  tissue  was  gently  minced, 
suspended in the above perfusate and incubated at 37~ 
for  10  min  while  being gassed  with  95%  02  and  5% 
CO~. The resulting cell suspension  was filtered through 
nylon, washed with Swim's medium and centrifuged at 
50 g for 2 min at 22~  Four additional washes followed: 
cells  destined for electron microscopy were handled at 
22~  throughout the washing  procedure, whereas cells 
to be homogenized were maintained at 4"C. The isola- 
tion procedure and subsequent washings required 1-1.5 
h.  Efforts were made to minimize mechanical damage 
to the bepatocytes: viz, mixing and agitation of the cells 
was  kept  to a  minimum and  the cells were in  contact 
with only plastic vessels and plastic  pipettes. 
Hepatocyte  Viability,  Number, 
and Size 
Cells which had been washed in Swim's medium were 
immediately suspended  in  an  equal volume of trypan 
blue  (0.05%)  solution  and viewed with a  light micro- 
scope. Those ceils which excluded the dye were consid- 
ered viable. Preparations in which cell viability was less 
than 90% were not used. 
Cell  counts  were  performed  in  a  hemocytometer: 
duplicate counts (of 200-300  cells  each) from each of 
two separate dilutions  were made of each sample. 
Cell diameter was determined in 100 viable cells per 
sample  using  an  eyepiece micrometer which  had been 
calibrated against  a standard. 
Preparation of Extracts from Isolated 
Hepatocytes  and Chick Brain 
Washed  hepatoeytes obtained from collagenase-per- 
fused livers were suspended in 20 mM sodium phosphate 
buffer containing 100  mM sodium glutamate, pH 6.75 
at 4~  and homogenized (Dounce homogenizer, tissue 
grinder B, Kontes Co., Vineland, N. J.) until no intact 
cells were visible with the light microscope: usually  90- 
130  strokes  were  required  to  homogenize  1.0-2.0  g 
cells in  a  total vol of 10 ml. (Preliminary experiments 
had  determined that  sonicated and  homogenized sam- 
ples had essentially  the same colchicine~binding activity, 
so  homogenized  samples  were  used  throughout  the 
study.) Undiluted extracts were centrifuged at 100,000 
g for 45 min in an International Model B-60 preparative 
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ment Co., Boston, Mass.). The resulting soluble fraction 
contained a 6-8-rag protein/ml and was used for deter- 
mination of colchieine-binding activity. 
In order that we  might be able to compare various 
aspects of the colchicine binding of isolated hepatocytes 
with the known characteristics of the colchieine binding 
of brain (3, 42), chick brain supernatant fractions were 
prepared in the following manner. Two brains from 13- 
15 day embryos were removed and homogenized in 10 
ml of phosphate-glutamate buffer with a  motor driven 
Teflon glass tissue homogenizer (Grenier &  Co.,  Chi- 
cago Ridge, II1., Model 7A; four strokes, setting no. 7). 
Brain homogenates were centrifuged as described above 
for  hepatocytes:  resulting  soluble  fractions  contained 
0.5  mg protein/ml and were used for measurements of 
colchicine-binding activity. 
Colchicine-Binding Assay 
Aliquots  of  cell  supernates  were  incubated  with 
[methyl-aH]colchicine (sp act =  0.5 Ci/mmol), and bind- 
ing  reactions  were  carried  out  in  phosphate-glutamate 
buffer as previously described by Bamburg et al. (3), Wil- 
son et al. (43), and Wilson and Bryan (44). Unless other- 
wise stated, incubations were carried out at 37"C for 2-h 
intervals, and  the  incubation mixtures contained  1  x 
10  -5  M  vinblastine sulfate to help stabilize colchicine- 
binding activity (43,  44).  Subsequently aliquots of the 
incubation  mixture  were  passed  through  1  x  13  crn 
columns  of  Biogel  P10  to  separate  bound  colchicine 
complex  from  free  colchicine  (43,  44).  Radioactivity 
was determined by adding 1 ml of the bound fraction to 
10 ml of scintillation fluid (2) and counted in a Nuclear- 
Chicago  Mark  II  liquid  scintillation counter (Nuclear- 
Chicago Corp., Des Haines, Ill.). Efficiency was deter- 
mined  with  tritiated  water  as  an  internal  standard. 
Protein concentrations were determined by the method 
of Lowry et al (19). 
Ultrastructural Morphornetric 
Procedures 
ISOLATED  HEPATOCYTES:  Freshly  prepared 
hepatocytes that had been washed in  Swim's medium 
(22~  were gently centrifuged (50 g;  2  min), and the 
pellets were  resuspended in  1.5%  glutaraldehyde  pre- 
pared  in  0.1  M  cacodylate  buffer  (mosmol  --  380). 
Unless otherwise specified, the glutaraldehyde fixative 
was maintained at 22"C and buffered to pH 7.2. After 
20 min, the cells were centrifuged at 10,000 g for 5 s in 
a  Beckman  microfuge  (Model  152,  Beckman  Instru- 
ments, Inc., Fullerton, Calif.); the pellets were cut into 
1-mm blocks and placed in fresh giutaraldehyde over- 
night. The following day, the cells were postfixed for 1 
h  in  1%  osmium  in  Palade's veronal buffer (pH  7.0) 
and stained en bloc for 1 h with 0.5% uranyl acetate in 
veronal buffer (pH 5.5). The blocks were subsequently 
dehydrated and embedded in Epon-araldite plastic. 
At the electron microscope level, low magnification 
(￿  1,200)  photographs  from  each  preparation  were 
used to evaluate the preservation of large numbers of 
pelleted cells. In addition, three photographs were taken 
at higher magnifications (￿  16,000) of eight undamaged 
cells from each preparation: to avoid bias, photographs 
of each cell were taken at 12, 4, and 8 o'clock, without 
regard to the organeile composition of the region of the 
cell  being  photographed  (other  than  to  assure  that 
perinuclear and plasma membrane regions of the cells 
were photographed with equal frequency). 
Quantitative estimates of the fraction of the cytoplas- 
mic volume occupied by microtubules and various other 
organelles were obtained by point-counting stereological 
techniques as outlined by Weibel (39, 40). In brief, photo- 
graphic enlargements were made of each electron micro- 
graph  and  microtubules  and  various  other  structures 
were  identified  on  each  print.  Microtubules  in  both 
transverse and longitudinal profile were identified with 
the  aid  of a  2  ￿  magnifying glass on  prints enlarged 
threefold (final print,  ￿  Longitudinal profiles of 
microtubules were identified as elongated, unbranched, 
gently curving or straight, cylindrical elements approx. 
250 A  in diameter. At the final magnification used,  a 
tubule of 2  mm or more in length could be recognized 
as a portion of a mierotubule, and transverse sections of 
microtubules  appeared  as  well-defined,  hollow  circles 
approx. 1 mm in diameter set apart from other cytoplas- 
mic structures by a distance of 1 mm. Structures which 
did not clearly fit this description were not included in 
the assessment of microtubule volume density. 
Transparent grids with lattice dimensions appropriate 
to the structures being examined  ~ were placed over each 
print, and the number of points (P) of the lattice which 
fell  on  particular  structures,  relative  to  the  number 
which fell on the cytoplasm, was recorded.  The value 
for the fractional volume (volume density) of the struc- 
ture within the cytoplasm was obtained from the ratio 
P structure 
corrected for the dimensions of particular 
P cytoplasm 
lattices used. 
Lattices in point-counting stereology generally provide 
a means of obtaining random points which are infinitely 
small relative to the structures being evaluated (39). In 
the  construction  of  a  millimeter  grid  with  which  to 
estimate microtubule content it was found that points or 
line-intersections, which were bold enough to be usable 
were relatively large compared to the size of the micro- 
tubules themselves.  In  using such a  grid it was  found 
that microtubule volume density was overestimated by a 
factor of 2.5. In order to compensate for this error, all 
estimates  of  microtubule  volume  density  recorded  in 
this  report  have  been  corrected  by  a  multiplication 
factor of 0.4. Estimations of microtubule volume by this 
method appears to be highly reproducible from print to 
print; i.e.,  the coefficient of variation when individual 
prints are  marked  and  re-estimated  five  times  is  less 
than 5%. 
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tubule content of isolated hepatocytes with liver cells 
preserved under the most optimal conditions, tissue was 
obtained from  animals in which  the  livers had  been 
fixed by glutaraidehyde perfusion. In these animals, as 
in the rats from which  isolated hepatocytes had been 
obtained, blood was first removed from the tissue by a 
brief washout with Hanks' bicarbonate buffer (pH 7.4, 
37~  95% Od5% CO2). This was followed by 8 min of 
perfusion (15 ml/min) with 2% glutaraldehyde in 0.1 M 
cacodylate  buffer (pH 7.2, 22~  All lobes of the liver 
blanched immediately, and the tissue  became hard to 
the  touch within 30  s of the onset of glutaraidehyde 
perfusion.  Slices  of  the  right  lobe  of the  liver were 
obtained, cut into l-ram blocks, and submerged in fresh 
fixative for 2-3 additional hours: subsequent tissue proc- 
essing was identical to that described for isolated hepa- 
tocytes.  It should be noted, however, that in glutaralde- 
hyde-perfused livers,  only periportal regions were sec- 
tioned and examined with the electron microscope. 
Chemicals and Biological  Materials 
[methoxy-3H] Colchicine (Ring C) was obtained from 
New England Nuclear (Boston, Mass.)  and was diluted 
to  a  sp  act  of  0.5  Ci/mmol by  addition of  purified 
unlabeled colchicine  (Sigma  Chemical Co.,  St.  Louis, 
Mo.).  Podophyllotoxin was obtained from the Aldrich 
Chemical Co., Inc., (Milwaukee, Wis.). Vinblastine sul- 
fate  was a  gift from Dr.  R.  M.  Hosley (Eli Lilly and 
Company, Indianapolis, Ind.). Lumicolchicine was pre- 
pared from UV-radiation of colchicine  as described by 
Mizel  et  al  (20).  Collagenase (type  II) was  obtained 
from Worthington Biochemical Corp. (Freehold, N. J.). 
Glutaraldehyde (8% purified) came from Polysciences, 
Inc., Warrington, Pa. D:O (J. T. Baker Chemical Co., 
Phillipsburg,  N. J.) was used at a pH meter reading of 
7.0; actual pH of solution was presumed to be 7.3-7.4 
(29). 
Swim's media contained the following: 8.99% Swim's 
$77 (Grand Island Biological Co. [Gibco], Grand Island, 
N. Y.); 0.05 M tricine, 4% glucose, 0.03% L-glutamine 
and 1.5% bovine serum albumin. Hanks' buffer (10 x, 
Ca  ++- and Mg++-free,  Gibco) was  used with  1 g/liter 
glucose and 25 mM bicarbonate at pH 7.4. Microtubule 
stabilizing medium (11) contained 50%  (vol/vol)  glyc- 
erol, 10% (vol/vol) dimethyl sulfoxide (DMSO), 5 mM 
MgC12, 0.1 mM ethylene glycol bis(fl-aminoethyl ether) 
N,N,N',N'-tetraacetic acid (EGTA), and 5 mM phos- 
phate buffer pH 6.8. Glutamate-phosphate buffer con- 
tained 100 mM sodium glutamate and 20 mM sodium 
phosphate at pH 6.75. 
RESULTS 
General Characteristics of Isolated 
Cell Preparations 
Examination of different batches of freshly pre- 
pared  cells  with  light  microscopy  indicated  that 
hepatocytes varied in size: histogram analysis in- 
dicated that cell diameters ranged from  17 to 32 
/zm  with  a  mode  at  24.0  /~m .(cf.  reference  7); 
nuclear  diameter  ranged  from  6.7  to  11.1  /zm 
with a  mode at 9.0/zm. Low magnification elec- 
tron  micrographs  of fixed  cells,  as  illustrated in 
Fig.  la,  indicated that about 95%  of the cells of 
each preparation were  hepatocytes:  of these,  ap- 
prox.  3%  were  considered to be dead  and 25% 
were  found to  have  discontinuous plasma  mem- 
branes, vesiculation of smooth endoplasmic retic- 
ulum, swollen mitochondria, or some abnormality 
of distribution of organelles (most common being 
crowding of organelles around the nucleus of the 
cell). Such damaged cells were excluded from the 
stereological analysis reported below. 
Stereological Analysis of Liver Cells 
Isolated  pelleted  hepatocytes  and hepatocytes 
from  glutaraldehyde-perfused  livers  were  sub- 
jected  to  extensive morphometric measurements 
(see Fig. lb ) in order to determine whether cells 
which had been exposed to collagenase treatment 
and to a lengthy isolation procedure were compa- 
rable  to  cells  which  had  been  rapidly  fixed  by 
glutaraldehyde perfusion. Analyses of four prepa- 
rations of isolated  cells and four perfused  livers 
indicated that collagenase-separated cells survived 
the  isolation procedure  without  significant mor- 
phological damage, i.e., values for the mean vol- 
ume densities of mitochondria, lysosomes, perox- 
isomes, and rough and smooth endoplasmic retic- 
ulum of collagenase-isolated cells were  identical 
to the values obtained for  cells from  glutaralde- 
hyde-perfused livers. 
The microtubule content of isolated hepatocytes 
and hepatocytes from glutaraldehyde-perfused liv- 
ers was also found to be similar; specifically, the 
mean  (+_SD)  volume density  x  102  of microtu- 
bales  in  cells  from  seven  collagenase-isolated 
preparations was 0.036  +- 0.011, whereas micro- 
tubule volume density of cells from seven glutar- 
aldehyde-perfused  livers  was  0.030  -  0.009. 
Analysis at  the  95%  confidence  level  indicates 
that the error (E) in the estimation of microtubles 
in isolated hepatocytes  does  not exceed  22%  of 
the mean, i.e., 
100 =  22%, 
when 
2xSD 
E  =- 
(reference 31). 
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dehyde. Because of uranyl staining en bloc, pools of glycogen (GLY) are seen as clear areas,  x  2200. (b) 
A  portion  of a  hepatocyte at  the  magnification used in  the  quantitation  of cytoplasm organeUes. The 
arrowhead identifies a longitudinal segment of a microtubule,  x  48,000. Perusal of randomly obtained photographs  of 
isolated hepatocytes indicated that  microtubules 
are always located in the cytosolic compartment  2 
of the cell cytoplasm, and that  within that com- 
partment, microtubules appeared to have no spe- 
cial localization or special association with other 
structures of the cell. Microtubule volume density 
as measured in hepatocytes of perfused or isolated 
cells  was found to be  quite low as compared to 
the cytoplasmic content of microtubules in other 
cells measured by the same techniques (26, 27)) 
In  an  attempt  to  determine  whether  a  larger 
number of  microtubules could  be  preserved  by 
altering the conditions of fixation, isolated hepa- 
tocytes were exposed to warm (37~  glutaralde- 
hyde or glutaraldehyde at pH 6.6 (24), as well as 
to agents such as D20 (29, 37) and glycerol (29), 
before and during fixation. Measurements of mi- 
crotubule content under these various conditions 
indicated that  none of  the  variables introduced 
into the  preparation of the  hepatocytes had  the 
effect  of increasing the  content of microtubules 
beyond that found under standard conditions. 
Characteristics of Hepatocyte 
Colchicine-Binding  Activity 
The  colchicine-binding activity  of  tubulin  is 
unstable and decays according to apparent first- 
order  kinetics; the  half time for  loss  of binding 
activity varies with incubation conditions and the 
tubulin content of the preparation (42).  Table I 
indicates that for hepatocyte  supernate, the  half 
time for loss  of colchicine-binding activity is 0.8 
h;  colchicine-binding activity (at  colchicine con- 
centrations of  2  x  10 -8  M)  corrected  for  this 
decay is 3.5 x  10 -14 mol of colchicine/p,g protein. 
Table I  indicates also  that  the  rate  of decay  of 
colehicine binding in hepatocyte supernate is pro- 
longed  by  the  use  of  vinblastine sulfate  (5  ￿ 
10 -4 M), sucrose (1 M), and by low temperatures 
2 The  portion  of the  cell represents  by the cytosol is 
estimated to be 49% in collagenase-isolated  hepatocytes. 
This figure is based on the finding that the nucleus and 
cytoplasm occupy 5.3% and 94.7%  respectively of the 
whole cell and the noncytosolic  fraction of the cytoplasm 
(that portion of the cytoplasm occupied by organelles) is 
shown to be 48%. 
a Reaven, E., R. Maffly, and A. Taylor. 1977. Evidence 
for involvement of mierotubules in the action of vaso- 
pressin in toad urinary bladder. III, Morphological  stud- 
ies on the content and distribution of microtubules in 
bladder epithelial cells. J. Membr. Biol. 
TABLE I 
Decay Rates and Initial Binding Capacity (IBC) of 
Colchicine-Binding Protein in Soluble Fractions of 
Hepatocytes and Chick Brain 
Incubation condi- 
Tissue  tions*  t,a decay  IBC 
Hepatocyte 
Chick Brain 
37~  (control) 
37"C  +  vinblastine 
sulfate  (5  x  10  -4 
M) 
37"C  +  vinblastine 
sulfate  (5  x  l0 -~ 
M)  +  sucrose  (1 
M) 
8~  +  vinb|astine 
sulfate  (5  x  10 .4 
M) 
37*(:  +  vinblastine 
sulfate  (5  x  10 -4 
M) 
h  tool  colchicinellag 
protein 
0.8  3.5  x  10  -~4 
2.9  4.5  ￿  10  -14 
9.2  3.1  ￿  10 -14 
10.3  5.6  x  10  ~4 
16.5  2.6  x  10  -'2 
~ All samples were incubated with eolchicine (2  ￿  10  -e M) for 2 h  except 
for experiments at 8"C where 22 h incubations were used for each point. 
(8~  These  data,  together  with  the  fact  that 
large differences in decay times (induced by vary- 
ing  incubation  conditions)  do  not  significantly 
influence the initial binding capacity of the super- 
nate (Table I), suggest that the colchicine-binding 
activity of hepatocyte supernate is due, at least in 
part,  to  the  colchicine  binding  of  the  protein 
tubulin (42, 43). 
On  the  other  hand,  the  values  obtained  for 
both  decay  and  binding activity  in  hepatocyte 
supernate are quite different than those observed 
in chick brain (3).  In order to make certain that 
these  differences are  not due  to  methodological 
problems, colchicine binding to extracts of 13-day 
chick brain was also studied. These results appear 
in  Table  I  and  indicate that  the  decay  rate  of 
vinblastine-stabilized  chick brain supernate is 16.5 
h and the initial colchicine binding of chick brain 
is 2.6  x  10  -12 mol colchicine/pog protein, when 2 
x  10 -6  M  colchicine is  used  in binding experi- 
ments.  These  values  are  consistent  with  those 
obtained for developing chick brain in other labo- 
ratories  (3,  43)  and  demonstrate  that  the  low 
values for hepatocyte binding are not a  function 
of technical problems in carrying out the colchi- 
cine-binding  assay. 
To  further  define  the  characteristics  of  the 
colchicine binding of the hepatocyte supernatant 
fraction, additional incubations were carried out 
with  agents  which  have  a  known effect  on  the 
colchicine binding of  tubulin. Incubations were 
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colchicine.  The  results  showed  that  vinblastine 
sulfate (1  ￿  10  -4 M) increased binding by 85% 
over control values: a fivefold excess of podophyl- 
lotoxin (1  ￿  10  -5 M) reduced binding by 78%; a 
10-fold  excess  of lumicolchicine (2  x  10  -5  M) 
produced a minimal rise (10%) in colchicine bind- 
ing. In addition, low temperatures (4~  reduced 
colchicine binding by  84%.  These  various find- 
ings, when considered together, indicate that the 
soluble fraction of hepatocyte extracts contains a 
protein with the binding characteristics of tubulin. 
Quantification of Total Tubulin 
Content of Hepatocyte 
Supernatant Protein 
In order to determine how much of the colchi- 
cine binding of hepatocyte supernate was actually 
due to tubulin, additional experiments were car- 
ried out in which soluble extracts  of hepatocyte 
preparations were incubated with various concen- 
trations of colchicine under equilibrium conditions 
(6  h, 37~  The amount of colchicine bound at 
various  colchicine concentrations was  corrected 
for decay of colchicine-binding  activity which oc- 
curred during incubation; these  corrected values 
are presented as a composite plot in Fig. 2. The 
binding curve is very steep at low (<2-3  x  10 -6 
M) concentrations of colchicine; and although it 
appears to flatten somewhat between 8 x  10 -6 M 
and  1  ￿  10  -s  M  colchicine, it  shows  a  further 
increase at higher colchicine concentrations. This 
lack  of  saturability with  colchicine suggests  the 
presence of more than one class of sites with differ- 
ent affinity for colchicine in hepatocyte supernatant 
fractions. Indeed, when these data are viewed as 
a Scatchard plot (Fig. 3) it is possible to separate 
at least two populations of binding sites: a straight 
line indicating a  single affinity class  of  binding 
sites (Site/)is obtained from incubation of hepa- 
tocyte  supernates with  colchicine between  8  x 
10-7-8  x  10  -6  M  and  a  second straight  line is 
obtained from incubation points at >1  x  10 -5 M 
colchicine (Site 2). 
In order to identify which of the colchieine bind- 
ing sites  represent  tubulin, an  additional experi- 
ment was carried out in which hepatocyte extracts 
were incubated with a sixfold excess of podophyl- 
lotoxin at various colchicine concentrations (Table 
II). These  data  indicate that podophyllotoxin (at 
this concentration) blocks approx. 75% of the total 
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FIGURE 2  Colchicine binding  to  soluble  hepatocyte 
protein at  equilibrium. Each point represents a mean 
(-+SE) of  seven  values. The  binding  reactions  were 
allowed to proceed at 37"C for 6 h. Points are corrected 
for decay of colchicine-binding  activity which occurred 
during the incubation periods. The binding curve is very 
steep  at  very  low  concentrations of  colchicine, and, 
although it tends to flatten between 8 x  10  -6 M and 1 
x  10  -5  M colchicine, it  shows a  further  increase at 
higher colchicinr concentrations. The lack of saturability 
with colchicine suggests the presence of more than one 
class of binding sites with affinity for colchicine. 
trations.  As  the  colchicine  concentration is  in- 
creased  beyond 2.9  x  10  -6  M,  podophyllotoxin 
shows decreasing ability to compete for the colchi- 
cine binding. Since podophyllotoxin is believed to 
bind only to  tubulin (43),  these  results suggest 
that the high affinity-low capacity (Site 1) sites of 
Fig. 3 are tubulin. This impression is strengthened 
by the  fact  that  the  binding constant calculated 
from  the  slope  of the Site  1  line in  Fig.  3  was 
found to be 1.4  x  106 liters/mol, which is similar 
to the value obtained for the binding of colchicine 
to purified chick brain tubulin at 37~  (43). 
Given these findings regarding the  identity of 
the tubulin sites in liver cell extracts, it was now 
possible to correct each tubulin (Site 1) point on 
the  Scatchard  plot  of Fig.  3  for the  amount of 
contaminating nontubulin (Site 2)  binding (10, 
16); this resulted in a slight shift of the site 1 line 
to the left as indicated by the dashed line in Fig. 3. 
Finally, the  number of tubulin-related colchi- 
cine binding sites per microgram soluble hepato- 
cyte  protein could  be  directly determined from 
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FIGURE 3  Scatchard  plot of colchicine binding to he- 
patocyte  tubulin.  Data  points are identical to those of 
Fig.  2.  Solid line  with  intercept  at  9.4  ￿  10 -~a  mol 
colchicine//zg protein  represents tubulin  sites  corrected 
for nontubulin binding. The colchicine-binding constant 
(KA =  1.4  ￿  106 liters/mol) for tubulin  was calculated 
from the slope of the corrected (dashed)  line. The low 
affinity-high  capacity  sites with approximate intercept at 
65  x  10 -~4 tool colchicine//zg protein  probably  repre- 
sents  nontubulin  colchicine  binding of soluble extracts. 
TABLE  II 
Effect of Podophyllotoxin on Colchicine Binding of 
Soluble Hepatocyte Protein * 
m 
Inhibition of colchicine 
Colchicine conch  binding 
M  % 
8.5  ￿  10 -7  76 
1.7  ￿  10 -s  77 
2.9  x  10  -6  75 
8.5  ￿  10 -6  64 
1.7  ￿  10 -5  45 
2.9  ￿  10 -5  39 
All samples were incubated at 37~  for 6 h and included 
vinblastine  sulfate  (1  x  10 -4  M)  during  incubation. 
Each experimental point was corrected for decay. 
* [Podophyllotoxin]  =  6  ￿  [colchicine]. 
the  corrected  (dashed  line)  intercept  on  the  ab- 
scissa  of the  Scatchard  plot shown  in  Fig.  2:  this 
value was found to be 9.0  ￿  10 -14 tool colchicine/ 
p.g  protein.  Based  on  the  assumption  that  one 
colchicine binding site  represents  one tubulin  di- 
mer  (5,  43),  this  value  represents  9.0  x  10 -14 
mol  of  tubulin  or  5.5  ￿  10  TM  (9.0  ￿  10 -14  x 
Avogadro's number) dimers of tubt~lin per micro- 
gram protein. 
The  minimum  (23)  tubulin  content  of hepato- 
cytes can  be calculated by two separate  methods 
resulting  in  identical  answers.  In  the  first,  the 
number of moles of hepatocyte tubulin/gram  pro- 
tein multiplied by the mol wt of tubulin (110,000 
[34]) indicate that tubulin represents  1.0%  of the 
soluble  cell  protein.  In  the  second,  less  direct 
method, tubulin content is determined by compar- 
ing the values for initial colchicine-binding capac- 
ity (IBC, see Table I) of hepatocyte extracts with 
that  of  13-day  chick  brain  extracts  known  to 
contain  42%  of  tubulin  (3,  44).  In  using  the 
equation: 
[% tubulin in hepatocyte supernate 
IBC hepatocyte supernate 
=  IBC chick brain supernate  x  42%], 
one  can  determine  that  the  tubulin  content  of 
hepatocyte  supernate  is  1.0%  of the soluble pro- 
tein of the extract. 
Quantification of Assembled  Tubulin 
in Hepatocytes 
By knowing the number of tubulin dimers (5.5 
￿  10 t~  and  the average number  of cells (1,800) 
per  microgram  soluble  protein,  it  is  possible  to 
estimate that the average hepatocyte contains 3.1 
x  107  dimers  of  tubulin.  If  all  this  hepatocyte 
tubulin  were  assembled,  the  average.hepatocyte 
would  contain  a  microtubule  1.9  ￿  104  p.m  in 
length: this calculation is based on the assumption 
that  the  length  of a  tubulin  dimer  is  80  x  10 -4 
/zm (1,  33),  and that there are  13 dimers (proto- 
filaments)  per  microtubule  cross  section  (1,  33, 
36) in hepatocytes. 
However, the  combined  length  of all microtu- 
bules  actually  present  in  a  single  hepatocyte  is 
somewhat  less  than  calculated  above,  as  can  be 
determined from stereological measurements.  Mi- 
crotubule  volume (Vur)  in  a  cell is  equal  to  the 
volume of the cell compartment containing micro- 
tubules (cytosol) times the percent of microtubules 
(MT) within that compartment.  Thus, 
x  (% of cell which is cytosol)  x  (%MT). 
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then 
V,r =  (3zr123)  /~m  3  (1) 
x  (49%)  ￿  (0.036%). 
However, the volume of a microtubule is also the 
volume of a cylinder with a radius, r, and length, 
1; thus, 
Vur =  rrr2l,  (2) 
where r  =  0.012  /zm. 
Since  Eq.  1  =  Eq.  2,  one  can  solve for 1 as 
follows: 
(3 ~'123)  /zm~ x  (49%) 
￿  (0.036%)  =  2.8 ￿  103/zm, 
7r ￿  (0.012) 2/zm  2 
which  is  equal  to  the  microtubule  length  per 
average hepatocyte. 
Given  the  value  for  the  assembled  length  of 
tubulin (microtubule) per cell (2.8  ￿  103/~m or 
0.28 cm) and the length of the theoretical micro- 
tubule  which could be  assembled from  the  total 
available tubulin dimers of the  average cell (1.9 
￿  104  p.m or  1.9  cm)  it is possible to calculate 
(0.28  cm/1.9  cm)  that  the  assembled tubulin  of 
hepatocytes of normal rats represents 15% of the 
total available tubulin of the cell. 
DISCUSSION 
Results from these studies have characterized the 
colchicine-binding protein present  in  the  soluble 
fraction  of  homogenates  from  rat  hepatocytes, 
and have identified and quantitated that  portion 
of the total colchicine binding which can be attrib- 
uted to tubulin. It appears that hepatocyte super- 
hate is comprised of at least two populations of 
colchicine-binding sites: Site  1  is a  population of 
high  affinity-low capacity sites  which  resembles 
tubulin in every characteristic measured; Site 2  is 
a  low  affinity-high capacity class  of sites which 
appears  when  colchicine  concentrations  greater 
than 1 ￿  10 -5 M are used in binding experiments. 
Site 2  does not saturate with colchicine and does 
not competitively bind with podophyllotoxin and 
most probably represents nonspecific, nontubulin 
binding. Patzelt et al. (22) have observed similar 
nonspecific colchicine binding  (at  10-fold higher 
colchicine  concentrations)  in  mouse  liver.  Al- 
though  the  nature  of  these  secondary  sites  is 
unknown, in rat liver they bind with colchicine at 
such low colchicine concentrations, that one must 
consider the possibility that they may participate 
in colchicine binding in vivo and perhaps contrib- 
ute to the functional effects of colchicine on liver. 
On  the  other  hand,  the  high  affinity colchicine- 
binding  sites  (tubulin)  appear  to  represent  only 
1.0%  of the  soluble protein  of hepatocytes.  As 
such, the content of hepatocyte tubulin is far less 
than the 42% found in developing chick brain (3, 
44) but is comparable to the 4-5% found, by use 
of  the  same  techniques,  in  soluble  supernatant 
fractions of toad bladder epithelium (35), and in 
sea urchin eggs (23). 
Calculations derived from measurements of the 
microtubule  and  tubulin  content  of hepatocytes 
suggest that only a small proportion (15%) of the 
soluble  tubulin  of  hepatocytes  may  be  actually 
assembled in the form of microtubules. This value 
is based on the observations that 3  ￿  107 tubulin 
dimers are present in  the  cytosol of the  average 
hepatocyte and  on  the calculation that  these tu- 
bulin dimers would, if totally assembled, form  a 
microtubule  1.9  cm  in  length.  Since  the  actual 
length  of microtubules in  the cytosolic compart- 
ment  of the  average  hepatocyte  is estimated by 
stereological  measurements  to  be  0.28  cm,  it 
appears that only 15%  of the available tubulin is 
in the form of microtubules at the time of fixation. 
Obviously, the usefulness of this technique for 
estimating  the  microtubule  content  of  cells  de- 
pends on the validity of various assumptions: first, 
we have assumed that microtubules are not altered 
(either increased or decreased in amount) during 
the preparation or fixation of the isolated hepato- 
cytes.  In  this  regard,  our  stereological analysis 
has offered assurance that the microtubule content 
of isolated hepatocytes is identical to that  found 
in ideally fixed hepatocytes from glutaraldehyde- 
perfused  livers.  Second,  we  have  assumed  that 
the method for estimating the percent of microtu- 
bules per volume cytoplasm gives accurate values. 
At best, stereological methods provide only esti- 
mates of the  volume concentration  of structures 
within  cells.  For  microtubules,  certain  technical 
problems  relating  to  the  small  diameter  of  the 
microtubule probably lead to a systematic overes- 
timation of this value (9, 26), although the extent 
to  which  this  overestimation  distorts  the  actual 
values for  microtubule volume  cannot  be  deter- 
mined.  However, in this study it would have the 
effect of overestimating the percentage of micro- 
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bules: thus, the value for this figure is probably 
somewhat less than the calculated 15%. Beyond 
this systematic error one has 95 % confidence that 
the error in microtubule estimation does not ex- 
ceed 22%  of the mean, i.e., that the estimation 
of the length of microtubules in hepatocytes could 
range from 0.22 to 0.34 cm. This potential devia- 
tion from the microtubule mean (0.28 cm) could 
alter the calculation of the percent of assembled 
microtubule protein of the hepatocyte by approx. 
2%. Third, we have assumed that the 13 protofi- 
laments/80 ,~ dimer model for microtubule struc- 
ture  is  correct.  Recently, Tilney et  al.  (36)  ob- 
tained direct evidence that  microtubules from  a 
wide  variety of  sources  all  typically contain  13 
subunits. Although the number 13  is apparently 
not invariant, microtubules which reportedly have 
fewer (or more) protofilaments appear to be ex- 
ceptions  from  the  norm.  A  number of  studies 
have suggested an 80/~ axial repeat (see reference 
33 for review) within the protofilament which is 
thought  to  be  a  dimer  of  two  40  ,~  globular 
monomers tilted slightly with respect to the pro- 
tofilament lattice. However, the precise arrange- 
ment  of  monomers  to  each  other  and  to  the 
protofilament lattice has not been established for 
most  microtubule systems.  It  is possible, there- 
fore, that the calculated length of our hypothetical 
hepatocyte microtubule may have to be adjusted 
when the  precise length of the  tubulin dimer is 
known. However, it should be noted that in our 
mathematical construction of  the  proportion  of 
tubulin assembled in hepatocytes, a  10% change 
in the  length of tubulin dimer, would alter the 
amount of assembled tubulin by only 10% of the 
existing  figure:  thus,  a  10%  reduction  in  the 
length of the  tubulin dimer would  increase the 
amount of assembled tubulin from the estimated 
15%  to  16.5%  of the  total available tubulin of 
the cell; and an unlikely reduction of 50% in the 
length of  the  tubulin dimer would increase  the 
amount of assembled tubulin from the estimated 
15% to 22.5% of the tubulin of the cell. Finally, 
our data  assume that  all the  hepatocyte  tubulin 
which is competent to assemble into microtubules 
is  in  a  form  which  can  be  measured  by  the 
colchicine-binding assay.  A  number  of  recent 
studies (see reference 33 for review) have shown, 
however,  that  intermediate polymeric forms  of 
tubulin exist in extracts of cells at low tempera- 
tures. If present in hepatocyte homogenates, such 
aggregated tubulin could become part of the solu- 
ble protein of the supernatant fraction, but it may 
bind only  minimal amounts of  colchicine  (15). 
However,  if a  significant amount of tubulin did 
exist  in  this  form,  it  would  have  the  effect  of 
increasing the size of the hepatocyte tubulin pool 
and, as such, would decrease the relative propor- 
tion of assembled microtubules. It should be noted 
that  these  data  say  nothing  about  the  tubulin 
content of membranes and other structures which 
might also be found within the insoluble (particu- 
late) fraction of liver cells. 
Thus, a  consideration of the various potential 
errors in the method does not appear to alter the 
finding that hepatocytes from normal postabsorp- 
rive rats contain only a small pool of microtubule 
protein  in  the  assembled  form.  However,  the 
estimate  of  15%  differs  substantially from  the 
40%  figure  reported  by  Patzelt  et  al.  (22)  for 
mouse  liver.  Whether  the  difference  in  results 
between the two studies stems from the use of a 
different animal species, or from organ vs. paren- 
chymal cell analysis, or  whether  it  is related  to 
differences in methodology, remains to be seen. 
In conclusion, this report describes a combined 
biochemical and ultrastructural approach for the 
quantitation of tubulin and microtubules in hepa- 
tocytes: in this initial study, tubulin and microtu- 
bules have been described in cells from normal, 
postabsorptive animals, but it is anticipated that 
the  methodology  will  be  useful  in  quantitating 
changes  in  hepatocytes  from  animals in altered 
physiological states. 
We wish to thank Ms. Marjorie Johnson for carrying out 
the  electron  microscope portion  of the  project,  Mr. 
Wilmer Walker for his help in constructing a mathe- 
matical model for microtubule analysis, and Dr. Leslie 
Wilson for his helpful suggestions regarding the colchi- 
cine-binding assay. 
This work was supported by the Research Services of 
the  Veterans  Administration. 
Received for publication  14 March  1977, and in revised 
form 8 August 1977. 
REFERENCES 
1.  AMOS, L.  A., and A. KLUO. 1974. Arrangement 
of  subunits in flagellar microtubule. J.  Cell  Sci. 
14:523-549. 
2.  AsD~ZSo~, L.  E.,  and  W.  O.  MCCLu~.  1973. 
An improved scintillation cocktail of high-solubi- 
lizing power. Anal. Biochem.  51:173-179. 
3.  BAMBURG, J. R., E. M. SHOOTER, and L. Wu~soN. 
1973. Developmental changes in microtubule pro- 
740  THE JOURNAL OF CELL BIOLOGY" VOLUME 75, 1977 tein of chick brain. Biochemistry. 12:1476-1482. 
4.  BERRY, M.  N.,  and  D.  S.  FmEND.  1969.  High- 
yield preparation of isolated rat liver parenehymal 
cells.  A  biochemical and  fine  structural study. J. 
Cell Biol.  42:506-520. 
5.  BRYAN,  J.  1972.  Definition  of  three  classes  of 
binding sites in isolated microtubule crystals. Bio- 
chemistry.  11:2611-2616. 
6.  CHASEY, D.  1972.  Subunit arrangement in ciliary 
microtubules  from  Tetrahymena  pyriformis.  Exp. 
Cell Res.  74:140-146. 
7.  DROCHMANS, P.,  J.  WANSON, and  R.  MOSSEL- 
MANS. 1975.  Isolation and subfractionation on Fi- 
coll gradients of adult rat hepatocytes. J. Cell Biol. 
66:1-22. 
8.  EDWARDS,  P.  1975.  The  influence  of  catechol- 
amines  and  cyclic  AMP  on  3-hydroxy-3-methyl 
glutaryl  coenzyme-A  reductase  activity  and  lipid 
biosynthesis in isolated rat hepatocytes. Arch. BiD- 
chem.  Biophys.  170:188-203. 
9.  EISENBERG, B. R.,  A. M.  KUDA, and J. B. PETER. 
1974. Stereological analysis of mammalian skeletal 
muscle. I. Soleus muscle of the adult guinea pig. J. 
Cell Biol.  60:732-754. 
10.  FELDMAN, H.  g.  1972.  Mathematical  theory  of 
complex  ligand  binding  systems  at  equilibrium. 
Anal.  Biochem.  48:319-338. 
11.  FORER, A.,  and  A.  M.  ZIMMERMAN. 1974.  Char- 
acteristics of sea-urchin mitotic apparatus isolated 
using a dimethyl sulfoxide/glycerol medium. J. Cell 
Sci.  16:481-497. 
12.  GREENGARD, O., M. FEDERMAN, and W. E. KNOX. 
1972. Cytomorphometry of developing rat liver and 
its application to  enzymic differentiation. J.  Cell 
Biol.  $2:261-272. 
13.  INOUI~, S.,  and  H.  SATO. 1967.  Cell  motility  by 
labile  association  of  molecules.  J.  Gen.  Physiol. 
51(Suppl. I):259-288. 
14.  KEMPER, B.,  J.  F.  HABENER, A.  RICH, and J.  T. 
Ports, JR.  1975. Microtubules and the intracellular 
conversion of proparathyroid hormone to parathy- 
roid hormone. Endocrinology.  96:903-912. 
15.  KmSCnNER, M.  W.,  M.  StrrER, M.  WEINGARaXN, 
and  D.  LrrrMAN.  1975.  The  role  of  rings in  the 
assembly  of  microtubules  in  vitro.  Ann.  N.  Y. 
Acad.  Sci.  253:90-106. 
16.  KLOTZ, I. M., and D. L. HUNSTON. 1971.  Proper- 
ties of graphical representation of multiple classes 
of binding site. Biochemistry.  10:3065-3069. 
17.  LACY, P.  E.,  S.  HOWELL, D.  YOUNG, and  C.  J. 
FINX.  1968.  New  hypothesis  of  insulin  release. 
Science (Wash. D.  C.).  219:1177-1179: 
18.  LE  MARCHAND, Y.  L.,  C.  PATZELT, F.  ASSIMACO- 
POULOS-JEANNET, E.  LOTEN, and  B.  JEANRENAUD. 
1974.  Evidence  for  a  role  of  the  microtubular 
system in the secretion of newly synthesized albu- 
min and other proteins by the liver. J. Clin.  Invest. 
53:1512-1517. 
19.  LOWRY, D.  H.,  N.  J.  ROSERROUGH, A.  L.  F~, 
and  R.  J.  RANDALL. 1951.  Protein measurement 
with  the  Folin  phenol  reagent.  J.  Biol.  Chem. 
193:265-275. 
20.  MIZEL, S.  B.,  and  L.  WILSON. 1972.  Nucleoside 
transport in mammalian cells. Inhibition by colchi- 
cine. Biochemistry.  11:2573-2578. 
21.  ORO,  L.,  and  R.  H.  UNGER. 1975.  Functional 
subdivision  of  islets  of  Langerhans  and  possible 
role of D cells.  Lancet.  !I:1243-1244. 
22.  PATZELT, C.,  A.  SINGH, Y.  LE  M~CHAND,  L. 
Oto,  and B. JEANRENAUD. 1975. Colchicine-bind- 
ing  protein  of  the  liver.  Its  characterization  and 
relation to microtubules. J.  Cell Biol. 66:609-620. 
23.  PFEFFER, T.  A.,  C.  F.  ASNES, and  L.  WILSON. 
1976. Properties of tubulin in unfertilized sea urchin 
eggs. Quantitation and characterization by the col- 
chicine-binding assay. J. Cell Biol.  69:599-607. 
24.  POISNER, A. M.  1975.  Microtubules and the adre- 
nal medulla. Ann.  N.Y.  Acad.  Sci.  253:653-669. 
25.  PIPELEER, D.  G.,  M.  A.  PIPELEER-MARICHAL,  and 
D.  M.  KIPNIS. 1976.  Microtubule  assembly  and 
the intraceUular transport of secretory granules in 
pancreatic islets. Science (Wash. D. C.).  191:88-89. 
26.  REAVEN, E.  P.,  and  G.  M.  REAVEN. 1975.  A 
quantitative  ultrastructural  study  of  microtubule 
content and secretory granule accumulation in para- 
thyroid glands of phosphate- and colchicine-treated 
rats. J.  Clin.  Invest. 56:49-55. 
27.  REAVEN, E.  P.,  and  G.  M.  REAVEN. 1977.  The 
distribution and content of microtubules in relation 
to the transport of lipid. An ultrastructural quanti- 
tative  study  of  the  absorptive  cell  of  the  small 
intestine. J.  Cell Biol.  75. 
28.  REDMAN, C.  M.,  D.  BANEILIEE, K.  HOWELL, and 
G.  E.  PALADE. 1975.  Colchicine  inhibition  of 
plasma protein release from rat hepatocytes. J. Cell 
Biol.  66:42-59. 
29.  RUBIN, R.  W.,  and  G.  D.  WEISS.  1975.  Direct 
biochemical measurements of microtubule assembly 
and  disassembly  in  chinese  hamster  ovary  cells. 
The effect of intercellular contact, cold, D~O, and 
NeOV-dibutyryl  cyclic  adenosine  monophosphate. 
J.  Cell Biol. 64:42-53. 
30.  SINGIt, A., Y. L. LE MARCHAND, L.  Oao, and B. 
JEANRENAUD.  1975.  Colchicine  administration  to 
mice: A  metabolic and ultrastructural study.  Eur. 
J.  Clin. Invest. 5:495-505. 
31.  SNEDECOR, G.  W.,  and W.  G.  COCHZAN, editors. 
Iowa  State  Univ.  Press,  Ames,  Iowa.  1971. 
Chap.  17.  Design  and  Analysis  of  sampling. 
Statistical Methods. p. 516. 
32.  STEIN, O., and Y. STEIN. 1973. Colchicine-induced 
inhibition of very low density lipoprotein release by 
rat liver in vivo. Biochim. Biophys. Acta.  306:142- 
147. 
33.  STEPHANS, R. E., and K. T. EDDS. 1976. Microtu- 
bules: structure, chemistry, and function. Physiol. 
REAVEN  Analysis of Tubulin and Microtubules in Isolated Rat Hepatocytes  741 Rev.  56:709-777. 
34.  SYNDER, J.  A.,  and J.  R.  MCINTOSH. 1976.  Bio- 
chemistry and  physiology  of microtubules. Annu. 
Rev.  Biochem.  45:699-720. 
35.  TAYLOR A.,  R.  MAFFLY,  L.  WILSON, and  E. 
REAVZN. 1975. Evidence for involvement of micro- 
tubules in  the action  of vasopressin. Ann.  N.  Y. 
Acad. Sci.  253:723-737. 
36.  TILNEY, L.  G.,  J.  BRYAN, D.  O.  BUSH, R.  FUJ1- 
WARA, M.  S.  MOOSEKER, D.  S.  MURPHY, and  D. 
H.  SYNDER. 1973.  Microtubules:  evidence for  13 
protofilaments. J.  Cell Biol.  59:267-275. 
37.  VAN  ORBERGHEN, E.,  G.  SOMERS, G.  DEVlS, M. 
RAVAZZOLA,  I.  MALAISSE-LAGAE, L.  ORCI,  and 
W. J. MALAISSE. 1974.  Dynamics of insulin release 
and microtubular-microfilaments  system. VI. Effect 
of D20. Endocrinology.  95:1518-1528. 
38.  WAGLE,  8. R. 1975.  Critical  evaluation of methods 
used for the  isolation  of rat  liver  hepatocytes for 
metabolic studies. Life Sci.  17:827-836. 
39.  WEIBEL, E.  R.  1969.  Stereological  principles  for 
morphometry in electron microscopic cytology. Int. 
Rev.  Cytol.  26:235-302. 
40.  WEIREL, E. R., W. ST.~UBLI, H.  R. GNXGI AND F. 
HESS. 1969. Corrected morphometric and biochem- 
ical studies on the liver cell. J.  Cell Biol. 42:68-90. 
41.  WILLIAMS,  J. A., and J.  WOLFF. 1972.  Colchicine- 
binding protein and  the secretion of thyroid hor- 
mone. J.  Cell Biol.  54:157-165. 
42.  WILSON, L.  1970.  Properties of colchicine  binding 
protein  from chick  brain.  Interactions with  vinca 
alkaloids  and  podophyllotoxin.  Biochemistry. 
9:4999-5007. 
43.  WILSON, L., J.  R.  BAMBURG, S.  B.  MIZEL, L.  M. 
GRISHAM, and K. M. CRESWELL. 1974.  Interaction 
of  drugs  with  microtubule  proteins.  Fed.  Proc. 
33:158-166. 
44.  WILSON, L., and J. BRYAN. 1974.  Biochemical  and 
pharmacological properties of microtubules. Adv. 
Cell Mol.  Biol.  3:21-70. 
742  THE  JOURNAL OF  CELL BIOLOGY ￿9 VOLUME 75,  1977 